In the molecular laser isotope separation (MLIS) of U, UF6 is dissociated to form UF6 particles after it is selectively excited by an IR laser.
When the IR laser for selective excitation is tuned to the absorption of 235UF6" 21511 is enriched in the product UF 6. Alexandre et al. (1) of Centre d'Etudes Nucleaires at Saclay in France reported that the use of the UV laser for the dissociation of excited UF6 deteriorated the isotopic selectivity. They estimated that the separation factor would not exceed a value of 2 even at extremely low temperatures.
When the separation factor is as low as 2 or less, it is impossible to obtain nuclear fuel containing 3% 235U in single-stage enrichment operation from natural U. The use of the IR laser instead of the UV laser was expected to improve the separation factor.
Nevertheless, the separation factor observed using infrared two-color multiphoton dissociation by Rabinowitz et al. (2) was only 1.2, presumably because UF6 temperature was very high, near room temperature.
We have reported the separation factors observed when UF6 gas cooled to -35dc in a static gas cell was irradiated by a one-color 16 mm laser beam"). Also, we reported the effect of the scavenging gas H2. The separation factors therein were low (1.02~1.04) due to high UF6 temperature and single IR laser used for both excitation and dissociation.
In Riken's recent version of MLIS of U, UF6 gas cooled in a supersonic nozzle reactor is dissociated by multi-color infrared lasers. In this note, the separation factors in Riken's MLIS (or RIMLIS) are reported in relation to its advantages.
1. Experiment The 16~17 mm pulses of energies as large as 1 J were efficiently produced with a parahydrogen Raman laser which converts pulses from a CO2 laser(4)(5). In comparison with our preceding work(3), the following improvements were made. First, multi-color infrared excitation scheme was adopted where 235UF6 was selectively excited with a continuously-tunable laser beam. The wavelength of the IR laser for dissociation was chosen near 17 mm within the range reported by Gilbert et al. (6) . Second, UF6 gas was cooled in a supersonic nozzle reactor of a loop type. The gas temperature therein was estimated as a function of axial distance from the nozzle throat using the data obtained in our preliminary experiments of static pressure measurements and the computer codes developed by our group.
The experimental procedure is as follows : A mixture of UF6 (0.1~1%), the scavenging gas CH4 (0.5~5%) and inert gas (Kr or Ar) (94~99%) was introduced into a loop of known volume composed of a series of compressors designed for the use of UF6, a filter, a massflow meter, a flow cell with KCl viewing windows, a supersonic nozzle with KCl optical windows on both sides, and a low pressure chamber.
The transverse profile of the beam was Gaussian. The laser repetition rate was usually a few pulses per second. After the pressures in the loop reached steady-state values, the gas mixture was irradiated for a few hours with multi-color infrared laser beams at a predetermined position of the nozzle.
The schematic diagram of the experimental apparatus is shown in Fig. 1 .
Analysis
The separation factor S is obtained using the relation ;
where X5 and X8 are the fractional conversions of 235UF6 and 238UF6, respectively. The value of bres is resisdefined by bres =(1-X88)/(1-X66) ( 2 ) The method is essentially the same as that reported previously(3), but the measurement of X8 was made with gas chromatographic determination of C2H6 after the irradiated gas mixture was recovered from the loop in stead of depletion measurement of UF6 absorption with an IR spectrometer(3). Rather long irradiation time is required to obtain the one-shot head separation factor S, since its determination is based on the measurements of the fraction of dissociated UF6 and the change in isotopic ratio 235UF6/238UF6 after irradiation. The advantage of our procedure to determine the separation factor lies in the fact that the fraction of dissociated UF6 can be accurately measured through gas chromatographic determination of C2H6 formed after the following reactions :
2CH3 -> C2H6.
( 5 )
The reaction ( 3 ) was the major dissociation scheme since the amount of dissociated UF6 agreed with that of formed UF6(7). We also reported that the scavenging efficiency of the reaction ( 4 ) was very close to unity under the experimental conditions we chose (7) . In the present study, it was confirmed experimentally that virtually all the CH3 radicals via the reaction ( 4 ) recombined to yield C2H6
(reaction ( 5 )) under the very low temperature conditions in the supersonic nozzle. According to the above reaction scheme, 0.5 mole of C2H6 is formed after 1 mole of UF6 is dissociated.
Thus it is possible to determine the fraction of dissociated UF6 from the yield of C2H6. The details for the analysis of these reactions are discussed elsewhere(8).
Results and Discussion
In MLIS multiple-frequency irradiation is usually adopted. Let n1 and n2 denote the frequencies for isotopically-selective excitation. and for dissociation, respectively.
The frequency n2 may be in the UV or IR region. The specific dissociation rate bi (i=5 or 8) is obtained from the relation bi=-((1/t) ln (1-Xi), where Xi (i=5 or 8) is the fraction of dissociated UF6 after t-pulse irradiation with the subscripts i=5 and i=8 denoting 235U and 288U , respectively. The contrast ratio CR can be defined by (6) Nevertheless, it should be noted that these values in Table 1 are considerably higher than the typical values reported in IR+UV method (1) . High CR values in IRMPD were already reported by Gilbert at al. (6) The trend observed here is in agreement with their data. When CR is larger than 10, the effect of non-selective reaction due to the n2 beam is practically negligible. Consequently, it is possible to conclude that IRMPD does not impose such limitation of the separation factor due to the contrast ratio as reported in the IR-F UV method.
In Table 2 In the preceding note(3), we have reported that the separation factors between 1.02 and 1.04 were obtained when we 'Irradiated UF6 at -35dc with a one-frequency 16 mm Raman laser beam. Table 2 shows significant improvement in isotopic selectivity with reduced temperature and improved laser tunability. Nevertheless the roles and relative contributions of these factors are yet unclear due to very limited number of sets of experimental conditions we have investigated.
4. Concluding Remarks Sufficiently high separation factors were obtained in Riken's MLIS of U. In this study, a method was utilized to determine S without collecting the 235U-enriched UF6 particles. The value of S obtained here, however, does correspond to the enrichment in the product. For the case with the S value of 4.7, 3% enrichment for 235U in the product phase is suggested at one-shot irradiation.
Nevertheless, we have neither attempted the collection of the particles nor the measurement of the separation factor therein due to the following reasons.
First, it was considerably difficult to collect UF6 particles produced in very small amount at the expense of disturbing the gas flow in the reactor. Our measurement is already very time-consuming (if not tedious) and further increase of the irradiation time is expected to he impractical. Second, the heterogeneous decomposition of UF6 on the inner surface of the reactor may not be negligible compared with the laser-induced UF5 production reaction.
It is expected that these difficulties may be overcome relatively easily in future, when the laser system with higher repetition rate (e. g. 100 pulses/s) and larger supersonic nozzles are used simultaneously.
Mass-spectrometric measurements of UF6 were kindly performed by Power Reactor and Nuclear Fuel Development Corp. at Tokaimura.
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